To investigate the relationship between European starlings and bovine coccidiosis we collected samples from European starlings, cattle feed bunks, cattle water troughs, and cattle feces within concentrated animal feeding operations (CAFOs). These samples were screened for coccidia spp. to investigate (i) the prevalence of coccidia in starlings using CAFOs; (ii) if there is a relationship between bovine coccidiosis and starling numbers; (iii) if coccidia contamination of cattle feed and water is related to the number of starlings observed on CAFOs. Coccidia belonging to the genus Eimeria were detected in cattle feces and one water sample but no Eimeria spp. were detected in European starlings or cattle feed. However, many European starling samples were positive for Isospora. Starling use of CAFOs did not appear to be associated with coccidia spp. shedding by cattle and there was no correlation between starling numbers and contamination of cattle feed and water, suggesting that starling do not contribute to the amplification and spread of Eimeria in CAFOs.
Introduction
Eimeria species are the protozoal causative agents responsible for bovine coccidiosis (Stewart et al., 2008) . Coccidiosis is one of the five most economically important diseases to the cattle industry causing an estimated cost of $100 million annually within the United States (Kirkpatrick and Selk., 2007) . Identifying and mitigating the risk pathways that lead to coccidiosis in concentrated animal feeding operations (CAFOs) may substantially reduce production losses.
European starlings (Sturnus vulgaris) are an invasive bird species that cause seasonal problems for cattle producers.
During the winter, starlings will congregate in large foraging flocks and consume abundant and accessible food and water supplies within CAFOs (Glahn et al., 1989) . Starlings have also been implicated as sources of and vectors for the pathogens that cause disease in CAFOs (Clark and McLean, 2003; LeJeune et al., 2008) . The role of starlings in the spread of coccidia in CAFOs has not been explored; however, at least one species of Eimeria (Eimeria balozeti) has been isolated from starling feces (Yakimoff and Gousseff, 1938) .
In this study, we assessed the capacity of European starlings to spread coccidia spp. within and between CAFOs. Specifically, we estimated the prevalence of coccidia spp. in starlings using CAFOs, the prevalence of coccidia spp. within cattle feces and examined whether coccidia contamination of cattle feed and water is related to number of starlings on CAFOs. This article is a U.S. government work, and is not subject to copyright in the United States.
Materials and methods
Ten CAFOs in Moore, Sherman, and Hansford Counties, TX, USA were selected for sampling based on similarity of feedlot management practices and the presence of starlings. These CAFOs were sampled between January 20 and February 19, 2009.
We estimated starling numbers on CAFOs prior to sample collection at two spatial scales; numbers of starlings on CAFOs (facility level) and numbers of starlings in cattle pens, feed bunks or water troughs within CAFOs (pen level). Facility level estimates were conducted by systematically driving through CAFOs and counting starlings observed in or flying above pens. We were careful to account for bird movement to eliminate duplication of numbers. Pen level estimates consisted of number of starlings observed in feed bunks, water troughs, and cattle pens when feed, water, and fecal samples were collected, respectively.
Feed samples were collected from cattle feed bunks and placed in sterile Whirl-Paks ® . Water samples were collected from cattle water troughs using sterile 125 ml plastic vials. We collected fresh fecal samples from individual cows. Samples were only collected when an animal was observed defecating to standardize environmental exposure between fecal samples and to eliminate cross contamination from other feces. All fecal samples were stored in sterile Whirl-Paks ® .
European starlings were collected opportunistically from CAFOs using modified Australian crow traps supplied with fresh feed and water daily. Captured starlings were removed from the traps once a week and euthanized. All starlings were euthanized by cervical dislocation, a method conforming to agency policy as stated in USDA/APHIS/WS Directive 2.505 and approved by the National Wildlife Research Center's (NWRC) Internal Animal Care and Use Committee (IACUC). The distal gastrointestinal tract (proventriculus to the cloaca) was removed and placed in sterile Whirl-Paks ® . Additionally, one of the starling traps was surrounded by an electric predator fence and the bottom of this trap was reinforced with chicken wire to prevent non-target mammals from burrowing into trap, releasing starlings, and consuming feed. This trap was reinforced so feed and water samples could be collected from a single starling trap each time the birds were euthanized. This process allowed us to collect a small sample of feed and water that was only exposed to starlings.
All samples were shipped overnight on the day of collection to the Colorado State University Veterinary Diagnostic Laboratory (CSUVDL) in Fort Collins, CO. Presence of coccidia in cattle feces was determined using a centrifugal fecal flotation technique (Ballweber et al., 2000) with saturated sugar solution; identification was accomplished using morphologic criteria (Duszynski et al., 1999) . The intestinal tracts of the starlings were opened longitudinally; contents were removed and analyzed for presence of coccidia spp. by a saturated sugar centrifugal fecal flotation method. Water samples were concentrated by a 10 min centrifugation process (1200 × g) to facilitate the isolation of parasites. The supernatant was discarded and the material was examined using centrifugal flotation. Feed samples were processed as soil samples using the method of Kazacos (1983) .
Cattle fecal data were analyzed using generalized linear mixed logistic regression (PROC GLIMMIX in SAS 9.2) where test result (presence or absence Eimeria) was the response variable. We developed 8 a priori models to explain the presence of Eimeria shedding by cattle. The explanatory variables assessed in our models consisted of number of starlings at different spatial scales (starlings on facilities, starlings in pens), cattle stocking (cattle on facilities, cattle in pens) and facility management variables (use of anticoccidial feed additives, use of antibiotic feed additives, and cattle pasture fed). The 10 CAFOs were included as random effects. The eighth model included only the intercept (means) and represented a null model. We used a biascorrected version of AIC c to select the most appropriate model to explain the data (Burnham and Anderson, 2002) . Logistic regression models were not constructed for cattle feed and water data because too few positive samples were collected. European starling data was analyzed descriptively, where prevalence of coccidia spp. within European starlings was estimated and comparisons made to the positive cattle feces and water sample.
Results
Two of the 10 CAFOs sampled had large (>10,000 starlings/day) starling flocks, 4 experienced moderately large (1000-10,000 starlings/day) starlings flocks, and 4 experienced small (<1000 starlings/day) starling flocks.
A total of 533 samples were collected within CAFOs: 218 feed, 173 water, 81 European starling, and 61 cattle fecal samples. Eimeria species were detected in 15% (9/61) of the cattle fecal samples and 0.6% (1/173) of the water samples. No cattle feed or European starling samples were positive for Eimeria. However, 23% (19/81) of the GI tracts from European starlings contained Isospora (Table 1) .
Based on AIC c model selection, Eimeria in cattle was best explained by the number of cattle on CAFOs. The number of starlings on CAFOs and the number of starlings in animal pens were not heavily weighted predictors for coccidia contamination of cattle feces (Table 2) .
A total of 4 different species of Eimeria were detected in cattle feces. Within positive cattle fecal samples 78% contained Eimeria bovis; 22% contained Eimeria cylindrica; 11% were positive for Eimeria auburnensis, and 11% were positive for Eimeria zurnii (Table 1) . Two of the cattle fecal samples contained multiple species of Eimeria: one sample contained E. bovis and E. auburnensis the other contained E. bovis and E. cylindrica. One water sample from the starling trap was positive for Eimeria but only a few oocysts were isolated making definitive speciation impossible.
Discussion
Our model selection criteria suggest there is no relationship between starling use of CAFOs and Eimeria shedding by cattle. Eimeria oocysts were not detected in starling GI tracts but many starlings were positive for Isospora spp. This occurred even though starlings were regularly exposed to the cattle shedding Eimeria spp. This information is consistent with previous literature suggesting Eimeria is host specific and unlikely to complete its life cycle in more than one host (Yun et al., 2000) . The only original research documenting the isolation of E. balozeti in European starlings came from Yakimoff and Gousseff (1938) . Subsequent to this publication we could not find any research that isolated E. balozeti, or any other Eimeria species, from European starlings. The absence of Eimeria in our starling GI tract samples supports the contention of Duszynski et al. (1999) that reports of Eimeria in starlings likely represent pseudoparasites. One water sample collected during the study was positive for Eimeria. This sample was collected from the water bowl within the starling trap. None of the starling GI tract samples were positive for Eimeria and there was no evidence that other animals could have contaminated the water bowl. We do not believe this single detection is insignificant. The presence of Eimeria in the starling water bowl demonstrates that starlings can mechanically transmit Eimeria oocysts to water sources in CAFOs, even though this was not observed in the samples collected from cattle water troughs. The starling trap was surrounded by an electric predator fence and a mesh bottom prevented burrowing mammals from digging into the trap. Also, water bowls were changed and cleaned daily. The only animals that had access to the water in the trap were starlings. Thus, starlings may be able to mechanically transmit Eimeria within CAFOs even though our data suggests it will not translate to increased contamination of cattle water troughs frequented by starlings.
Our inability to detect coccidia in any cattle water trough raises concerns about the sensitivity of our water sampling. Collection of 125 ml of trough water may have been inadequate for reliable detection of Eimeria oocysts.
The American Society for Testing and Materials (ASTM) established methods for detecting Cryptosporidium oocysts in water. These methods recommend filtering 100 l (or more) of water through a 1.0 m filter cartridge prior to testing (ASTM, 1991) . Cryptosporidium oocysts trapped in filters can be eluted and suspended in a smaller volume of water, dramatically increasing the probability of detection (Nieminski et al., 1995) . Even though the cattle water troughs sampled held a maximum of 50 gallons (189 l), it is possible that the volume was too great for reliable detection without a filtration step, or collection of larger volumes of water. Any future attempts to sample water troughs for coccidia should collect more than 125 ml of water or concentrate water samples in filters prior to conducting flotation tests. In conclusion, because of the small sample size these results should only be viewed as a preliminary assessment of the role starlings play in the spread or amplification of coccidia spp. in CAFOs. Future work should be conducted to better assess the capacity of starling to mechanically transmit coccidia oocysts in CAFOs.
Table 2
Explanatory variables used in the 8 a priori main effects models, number of estimable parameters (K), bias-corrected Akaike's Information Criterion (AICc) and Akaike weight (w i ) for the logistic regression models explaining the probability of coccidia spp. contamination in cattle feces. All data was collected within 10 concentrated animal feeding operations located in Moore, Sherman, and Hansford Counties, TX, 2009. 
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